Anaerobic membrane bioreactor (AnMBR) processes are a promising method of recovering energy from municipal wastewater. In this study, a pilot-scale AnMBR with extremely short hydraulic retention time (HRT ¼ 2.2 h) was operated at a flux of 6 L/(m 2 h) for 340 days without any membrane cleaning. The average value achieved for chemical oxygen demand (COD) removal was 87% and for methane yield was 0.12 L CH 4 /gCOD removed . Based on mass balance analysis, it was found that about 30% of total influent COD was used for methane conversion, 15% of COD for sulfate reduction, 10%
sludge production (Stuckey ) . Nevertheless, the major concerns with the conventional anaerobic bioreactors are the washout of the slow-growing microorganisms and unsatisfactory effluent quality, especially in the start-up period (Smith et al. ) . Anaerobic membrane bioreactors (AnMBRs) that couple membranes with the anaerobic biological processes not only fully retain the anaerobic microorganisms but also produce a high-quality effluent (Stuckey ) . Moreover, due to the use of membrane, decoupling of sludge retention time from hydraulic retention time (HRT) allows for high organic loading rates (OLR) and methane productivity (Liao et al. ) . Besides the high effluent quality and high treatment efficiency, the small footprint and the potential agricultural use of the treated effluent could enhance the practical application of AnMBRs for treating municipal wastewater, particularly in water-scarce areas (Stuckey ) .
Despite AnMBRs being an attractive alternative for wastewater treatment, the low-strength organic matter in real municipal wastewater limits their cost-effectiveness (Ozgun et al. ) . An effective strategy to improve the treatment efficiency is to operate AnMBRs under short HRT. The objective of this work is therefore to investigate the performance of a pilot-scale AnMBR system operated under extremely short HRT (2.2 h) for treating low-strength municipal wastewater with a particular focus on microbial communities. The reactor performance, including filtration behaviour, pollutant removal rates and biogas production, was monitored and microbial communities were studied during long-term operation. The results are expected to provide a sound understanding of AnMBRs under short HRT and to facilitate the application of AnMBRs for low-strength wastewater treatment. Four peristaltic pumps (BT600-2J, Longer, China) were used to feed wastewater into the bioreactor, recycle mixed liquor from the bioreactor to the MT, extract permeate from the membranes and to pump backwashing solution (effluent) to clean the membranes. A diaphragm gas pump (N840 FT.18, KNF, Germany) was used to recirculate biogas from the head space to scour the membranes and a gas flow meter was used to control the flow rate at 28 L/min. A water-seal container was installed between the MT and the gas pump to ensure stable operation of the system. A gas check valve (70/70 U, WITT, Germany) and a wet-type gas flowmeter (LML-1, DETAIR, China) were connected to the MT headspace to monitor daily biogas production. Both tanks were equipped with water-heating jackets to control the temperature at 35 W C. A programmable logic controller (PLC) system was installed to monitor and record the real-time temperature, pH, oxidation reduction potential (ORP), sludge level, waterjacket level and head-space pressure. The liquid level was controlled by pressure transducers and the PLC. The filtration/relaxation/backwashing duration was set as 5 min/30 s/30 s.
MATERIALS AND METHODS

AnMBR setup and operation
Chemical oxygen demand mass balance
For the chemical oxygen demand (COD) mass balance analysis, the main fractions of COD conversion included:
gaseous biogas generation (CH 4 and CO 2 ), dissolved methane loss, biomass growth, sulfate reduction, effluent residuals and others (e.g. membrane fouling). The dissolved methane was measured by the method described by Souza et al. () and calculated based on Henry's law. It was assumed that sulfate was entirely reduced to sulfide and the COD equivalent of biomass was 1.42 gCOD/gVSS (volatile suspended solids).
Organic matters analysis
The distribution of organic fractions in mixed liquor was analysed to determine the difference between the supernatant and the effluent. The sludge sample was centrifuged at 6,000 rpm for 10 min and the supernatant was defined as total organic fractions (presented as tCOD), which were further divided into three categories by using 0.45-μm and 0.2-μm filter papers. Organic matter that could be retained by 0.45-μm filter paper was colloidal, and matter that could pass through 0.45-μm filter paper was the soluble fraction (also termed dissolved organic matter, DOM). The organic matter passing through 0.45-μm filter paper but retained on 0.2-μm filter paper was defined as the 0. which were used to conduct COD mass balance analysis.
RESULTS AND DISCUSSION
Filtration performance and pollutant removal
The pilot-scale AnMBR was continuously operated for 340 days without any chemical cleaning, with an initial 28 days for reactor start-up and acclimatization. The evolution of trans-membrane pressure (TMP) is shown in Figure 2 (a), indicating that the reactor ran stably with low TMP increase rate.
COD removal performance is shown in Figure 2 (b). The average COD removal rate reached 87% (Table S1 , available with the online version of this paper) at an average OLR of 3.0 kgCOD/(m 3 ·d). Despite the fluctuations in influent COD, the effluent COD could achieve a low concentration (<60 mg/L), indicating that AnMBR could resist shock organic loads. Approximately 30% of TN and 35% of TP were also removed via utilization for biomass growth or interception by membrane (see Table S1 ). These results show that the AnMBR could achieve stable operation for low-strength municipal wastewater treatment, which was also reflected by the pH and ORP profile (see Figure S2 , available online).
As shown in Figure 2 (b), the supernatant concentration of COD (average ¼ 223 ± 111 mg/L) in the reactor was much higher than that of the effluent (average ¼ 50 ± 22 mg/L).
However, the VFA concentrations were very low both in the reactor and effluent ( Figure S3(a) ), suggesting that the high COD concentration in the supernatant was not caused by the accumulation of VFA in the reactor. In order to identify the difference between the effluent and supernatant, the distribution of organic fractions in the mixed liquor was analysed (as shown in Figure S3 (b)) ( Figure S3 is available online). The 0.2-0.45 μm fractions made a major contribution, accounting for 61% of the total organic fractions. Colloidal fractions accounted for 19% of the total organic fractions. These two fractions could be intercepted by the 0.2 μm pore-size membrane. However, the <0.2-μm fraction only contributed to 20% of the total organic matter, leading to the high-quality effluent of the AnMBR.
Biogas production and COD mass balance
Daily methane production profile is shown in Figure 3(a) .
The average production volume was 13.2 L/d with methane should be paid to the recovery of dissolved methane in the effluent in order to avoid greenhouse gas emission and increase methane gas recovery efficiency. Other researchers reported that the low carbon conversion rate was due to utilization by sulfate-reducing bacteria (SRB) (Gimenez et al. ) . In order to identify the carbon conversion pathway in the AnMBR system, COD mass balance analysis was conducted as follows.
Considering the seasonal fluctuation of sludge concentration (MLSS range 4.7-20.1 g/L [average, 10.9 g/L], as shown in Figure 3(b) ), the overall COD mass balance was divided into six periods (see Figure 3 (c)); the calculation details are presented in Table S2 (available online). As described in Figure 3(c) , approximately 30% of total influent COD was converted into methane (including gaseous and dissolved methane, the concentration of dissolved methane was 8 mg/L in the effluent). Thus, the overall methane yields were 0.12 L CH 4 /gCOD. About 15% of COD was utilized by SRB for sulfate reduction, less than 10% was utilized for biomass production, and about 10%-20% remained in effluent.
In addition, there were 25%-40% COD fractions unknown (denoted as Others), which may be converted to membrane foulants in the cake layer, or be adsorbed on the sludge which was discharged and/or be transformed by other metabolic pathways. Development of countermeasures to efficiently use this part for methane production is worth investigating further. might cause an increased membrane fouling rate, which has been also reported by Huang et al. () .
Microbial community analysis
In order to discern the changes in microbial communities in Table S3 ( Figure S4 and Table S3 are available online). The coverage values of sludge samples were close to 1 in both bacterial and archaeal communities, implying that almost all common phylogenetic groups were detected in the constructed libraries (Ma et al. a) . Chao and Shannon indices indicated a decrease in bacterial diversities and an increase in archaeal diversities in July but an opposite trend in March and January.
In bacterial communities, the microbial structures varied from season to season. In the March and January samples (Day 9 and Day 305), there was a difference in microbial communities between bioreactor and MT, while they were quite similar in summer samples (Day 122) (see Venn analyses in As for the phylum Bacteroidetes, in addition to the main classes Sphingobacteria and Bacteroidia, the class
VadinHA17 had a relative high abundance (see Figure   S5 (a), available online), 3.2%-3.5% for Day 9 samples, 2.0%-2.5% for Day 122 samples and 5.0%-7.9% for Day 305 samples), and could degrade recalcitrant organic matters as reported by Baldwin et al. () and thus enhance the anaerobic digestion process. Moreover, it is worth noting that some minor classes, such as Clostridia (phylum Firmucutes), were able to carry out bio-hydrogen production, as well as Alphaproteobacteria (Kapdan & Kargi ) . In this study, the relative abundance of Alphaproteobacteria plus Firmucutes increased from 5.0% to 5.3% in the bioreactor and from 6.0% to 8.5% in the MT, respectively ( Figure S5(a) ), implying that the pathway of methanogenesis might be affected by the increase of bio-hydrogen products during the long-term operation of the AnMBR. This will be further elaborated in combination with the following archaeal community analysis.
Archaeal consortia retrieved from the sludge samples showed low phylogenetic diversity ( Figure 6) . Euryarchaeota was the predominant phylum in the AnMBR system (relative abundance of 77.5%-99.7%), which included the major methanogens. However, other phyla, e.g. Thaumarchaeota
and Crenarchaeota were much lower in relative abundance, especially in samples of Day 122 (Figure 6(a) ). Further, the Venn analyses between bioreactor and MT samples showed that the archaeal communities were closely similar in July (Day 122) but showed some differences in March (Day 9) and January (Day 305) ( Figure S5(b in agreement with the VFA analysis above (Figure S3(a) ).
In samples of Day 305, WCHA1-57 was the most abun- 
CONCLUSIONS
The pilot-scale AnMBR was continuously operated for 340 days with the average OLR of 3.0 kgCOD/(m 3 ·d). COD removal efficiency could reach over 87% and the methane yield was 0.12 L CH 4 /gCOD removed . According to COD mass balance, approximately 30% of total influent COD was converted into methane, 15% was utilized by SRB for sulfate reduction, less than 10% was used for biomass production and 10%-20% remained in the effluent. Microbial analyses showed that seasonal changes of feedwater might vary the distribution of microorganisms in the system. For the bacterial communities, Chloroflexi, Proteobacteria and
Bacteroidetes were the three most predominant phyla. In the archaeal consortia, during the long-term operation under short HRT, WCHA1-57 and Methanobacterium, which are affiliated to hydrogenotrophic methanogens, surpassed Methanosaeta and Methanolinea to become the predominant methanogens. The SRB, accounting for less than 2% of total abundance of bacteria, might not be the dominant competitor against methanogens.
